Low-cycle fatigue tests of SUS316NG austenitic stainless steel were conducted for several strain ranges (0.76, 1.26, 2.1, 4.1, and 8.1%) in which the specimen's surface topography was regularly measured using a laser scanning microscope. The surface topographies obtained were analyzed by frequency analysis to separate the surface relief due to persistent slip bands (PSBs) from that due to crystal grain deformation. The PSBs-induced surface relief evolution and the grain-deformation-induced one were quantitatively evaluated by using arithmetic mean roughness R a and arithmetic mean waviness W a , respectively. The ΔR a and ΔW a , the increments in R a and W a from the initial values, increased with the usage factor (UF) for each strain range. Moreover, the rates of increase in ΔR a and ΔW a with respect to UF increased with the strain range. ΔW a /ΔR a was larger for higher strain ranges. This tendency of ΔW a /ΔR a indicates that the surface relief due to grain deformation develops more prominently than that due to PSBs for larger strain ranges. The results for R a and W a agree with the results of surface topography observation. On the basis of these results, a method was developed for estimating the UF of fatigued material and the applied strain range by using only the measured R a and W a .
Introduction
The surfaces of metallic materials become rough during cyclic loading. The surface roughening of polycrystalline metallic material in the fatigue process is generally caused by two mechanisms, which are schematically shown in . In contrast, the wavelengths of convex and concave structures caused by grain deformation are a few times the grain size and are thus much larger than those caused by PSBs 1), 2) . Several groups have reported that frequency analysis (i.e., the wavelength difference) can be used to separate a PSBs-induced surface relief from a grain-deformation-induced one 1), 16), 17) .
If these surface roughening phenomena correlate with such cyclic loading properties as strain range and number of cycles, it may be possible to estimate the degree of fatigue damage from the measured change in surface topography. In addition, it may be possible to estimate the applied strain range if the effect of the strain range on the surface relief evolution due to PSBs differs from that due to grain deformation.
The objective of this research was to develop a method for estimating the degree of fatigue damage by detecting the surface relief evolution of the fatigued material. We conducted low-cycle fatigue tests on austenitic stainless steel (SUS316NG) for several strain ranges, and the surface topography of the specimen was regularly measured with a laser scanning microscope. The surface topographies thus obtained were separated into a roughness component due to
PSBs and a waviness one due to grain deformation by using frequency analysis. The surface relief of the roughness component and that of the waviness component were quantitatively evaluated by arithmetic mean roughness R a and arithmetic mean waviness W a , respectively. To investigate the effect of the strain range on the surface relief evolution, we 
Experimental Method 2.1 Material and Specimens
The material used was SUS316NG austenitic stainless steel. The chemical composition and mechanical properties of the material are shown in Tables 1 and 2 , respectively. The average grain size was 55 μm. Each specimen had an hourglass shape with a minimum diameter of 6 mm. The surface was polished with emery paper (grit from 240 to 2000) and buffed to a mirror finish.
Fatigue Testing Method
Strain-controlled low-cycle fatigue tests were conducted at room temperature in atmosphere. Axial strain ε axis at a minimum diameter part of the specimen was calculated using . 
That is, ε axis is the sum of elastic strain component ε 0.2 and plastic strain component ε p :
where σ 0.2 is the 0.2% proof stress (see Table 2 ), E is the elastic modulus (193. .
Surface Topography Measurement
Surface topography measurements were regularly conducted during the fatigue tests. Table 3 . Different measurement ranges and resolutions were used for the roughness and waviness measurements (see Table 3 ) so that different objective wavelength ranges were used for the surface topographic images, as mentioned in the next section. of a few μm surrounding the crack was also excluded. These processes were to prevent abnormal signals affecting the calculations of R a and W a .
Calculation of ∆R
From the calculated R a and W a , the increments ∆R a and ∆W a were calculated:
where R a0 and W a0 are the average values of R a and W a of all specimens before fatigue tests. They were 0.009 μm and 0.053 μm, respectively.
Experimental Results

Surface Topography Observation
To investigate the effect of the strain range on surface relief evolution, we compared the surface topographies for each strain range. Surface topographic images for Δε = 0.76, 2.1, and 4.1% at a UF of ~0.47 are shown in Fig. 2 . Images (i) and (ii) are those for the roughness and waviness components, respectively. The gradation in the images indicates the height of the surface. Before the fatigue tests, the mirror-polished surfaces were smooth, and surface irregularities were not evident in surface topographic images with the same height ranges as in those in Fig. 2 . As Fig. 2 shows, after cyclic loading, the surface topographies of both the roughness component and the waviness component for each strain range revealed unevenness. In those for the roughness component (i), the streak-shaped convex and concave structures are persistent slip markings (PSMs) consisting of extrusions and intrusions. In those for the waviness component (ii), the convex and concave structures correspond to the shape of the crystal grains, indicating that they formed due to grain deformation 17) . Comparison of the images for different strain ranges shows that the number and height of the PSMs were larger for the higher strain ranges.
Likewise, the height and depth of the irregularities caused by grain deformation were larger for the higher strain ranges. In other words, the surface topographies due to both PSBs and grain deformation were more greatly developed for larger strain ranges. This tendency coincides with the results of surface observation in previous research 18) .
Research by Wang et al. 2) demonstrated that surface relief evolution due to PSBs and that due to grain deformation exhibit different trends in the fatigue process.
Their finding suggests that formation of PSBs and grain deformation are independent and have different characteristics. This means that the formation of PSBs and grain deformation may have different sensitivities to the strain range. To investigate the difference in sensitivities between the two mechanisms due to the strain range, we compared the waviness components of two surfaces that had almost the same surface roughness for different strain ranges. ΔW a = 0.225 μm, and Fig. 3(b) shows the surface topographic images at Δε = 4.1% and UF = 0.10 (surface B) with ΔR a = 0.035 μm and ΔW a = 0.602 μm.
The surface topographies (i) of the roughness component for surfaces A and B appear similar. In fact, the ΔR a for surfaces A and B were almost the same. In contrast, the surface topography (ii) of the waviness component for surface B appears rougher than that for surface A. Moreover, the ΔW a for surface B was larger than that for surface A.
Therefore, although the surface reliefs due to PSBs exhibited about the same degree of roughness for different strain ranges, those due to grain deformation exhibited more prominent for larger strain ranges. This means that the effect of the strain range on grain deformation is stronger than that on formation of PSBs. 
Changes in ∆R
where a and b are constants. The following equations can be obtained by solving Eqs. (6) and (7) in terms of ΔR a and ΔW a , respectively:
Least squares approximation was used to fit Eqs. (8) and (9) to the data plotted in PSMs (8) and (9), a and b represent the degrees of increases in ΔR a and ΔW a with respect to UF. Thus, the increases in a and b along with the increase in Δε likely resulted from the fact that the rates of increase in ΔR a and ΔW a with respect to UF were larger for higher strain ranges, as shown in Fig. 4 .
To compare the effect of the strain range on PSBs-induced surface relief and grain-deformation-induced relief, we calculated the ratio of ΔW a to ΔR a for each strain range: Figure 7 shows that ΔW a /ΔR a increased with the strain range.
Since ΔW a /ΔR a is a parameter representing the degree of surface relief evolution due to grain deformation compared with that due to PSBs, the increase in ΔW a /ΔR a with the strain range means that the surface relief due to grain deformation Grain deformation is a phenomenon usually observed when large plastic strain is applied to a material. Grain deformation during tensile testing has been investigated comprehensively by Shimizu and Tani et al. 19)-23) . It is considered that surface relief due to grain deformation barely develops for small strain ranges such as Δε = 0.76 and 1.26% because large strain is needed to produce grain deformation.
Therefore, for smaller strain ranges, the rate of increase in the surface waviness decreases more than that in surface roughness, so ΔW a /ΔR a is smaller.
Equations for Fatigue Damage Assessment
To develop a method for estimating fatigue damage by using R a and W a , it is necessary to express UF as a function of R a and W a . This section describes the process used to obtain the relationship among UF, R a , and W a . We approximated two relationships, a -Δε and b -Δε, by using two equations that are special forms of the logistic function: 
where a max , b max , a 0 , b 0 , k a , k b , n a , and n b are constants. These constants are calculated by least squares approximating the relationships of a -Δε and b -Δε as Eqs. (11) and (12), respectively. The obtained values are shown in Table 4 . By substituting Eqs. (11) and (12) Equation (14) is the inverse function of Eq. (13). Equations (14) and (15) are represented as functions of R a and W a ; i.e., Δε and UF can be calculated from the values of R a and W a .
Fatigue Damage Assessment Method
The fatigue damage assessment method we developed on the basis of the obtained results comprises five basic steps.
(1) Measure surface topography of mirror-polished part of material before and after being subjected to cyclic loading.
(2) Calculate R a and W a from obtained surface topographic images.
(3) Calculate ΔR a and ΔW a using Eqs. (4) and (5). (4) Calculate Δε and UF using Eqs. (14) and (15). (5) Estimate remaining fatigue life from obtained UF.
It is essential that ΔW a /ΔR a monotonically increases with the increase in Δε (see Fig. 7 ) in order to determine the values of Δε and UF using Eqs. (14) and (15) . However, ΔW a /ΔR a which is calculated using Eq. (13), decreases with an increase in Δε when Δε > 8.8%. This means that the method cannot be used when Δε > 8.8%. When Δε < 0.88%, b
and ΔW a /ΔR a are negative (b < 0 and ΔW a /ΔR a < 0), which mean that the surface relief becomes smoother with cyclic loading, which is improbable in practice. Thus, the method cannot be used when Δε < 0.88%. As a consequence, the method can be used for 0.88% ≤ Δε ≤ 8.8%.
To validate the method, we estimated Δε and UF from the values of R a and W a obtained in our experiments and then compared the estimated values with the actual experimental values. A total of 23 experimental results were used. As shown in Table 5 , the relative errors of the estimated Δε ranged from ~0.5 to ~36%. The relative errors of the estimated UF ranged from ~2 to ~191%. The average relative error for Δε was 15.6%, and that for UF was 44.6%. These results show that UF and the applied strain range can be estimated with a certain degree of accuracy by measuring only R a and W a of fatigued material.
For Δε = 4.1%, the average relative errors of the estimated Δε and UF were 3.74% and 8.48%, respectively, much lower than those for the other strain ranges. On the other hand, as Fig. 4 shows, the plots and approximation curve for Δε = 4.1% show a better match than for the other (8) and (9) in the relationships of ΔR a -UF and ΔW a -UF (shown in Fig. 4 ). An effective way to reduce the estimation errors is thus to improve the approximation equations or the procedures for calculating the relationships of ΔR a -UF and ΔW a -UF.
Conclusions
Low-cycle fatigue tests of SUS316NG austenitic stainless steel were conducted at constant strain ranges of 0.76, 1.26, 2.1, 4.1, and 8.1%. During the fatigue tests, the specimen's surface topography was measured with a laser scanning microscope. The surface topographic images obtained were analyzed using two-dimensional fast Fourier transform analysis to separate the surface relief due to persistent slip bands (PSBs) from that due to grain deformation. The surface relief due to PSBs and that due to grain deformation were quantitatively evaluated using the arithmetic mean roughness (R a ) and arithmetic mean waviness (W a ), respectively. The effect of the strain range on the surface relief evolution was investigated. There were four key findings of this research.
(1) The surface relief of both the roughness and waviness components developed more significantly for larger strain ranges.
(2) The surface relief due to grain deformation developed more prominently than that due to PSBs for larger strain ranges. The effect of the strain range on the development of grain deformation was stronger compared to that of PSBs.
(3) ΔR a and ΔW a increased with the usage factor (UF) for each strain range. The rates of increase in ΔR a and ΔW a with respect to UF were larger for higher strain ranges.
ΔW a /ΔR a increased with the strain range. These results for ΔR a and ΔW a agree with the results of surface topography observation. Therefore, ΔR a and ΔW a are valid parameters for evaluating surface relief evolution.
(4) The proposed fatigue damage assessment method estimates UF and the applied strain range by measuring only R a and W a of the fatigued material and can be used when the strain range is between 0.88% and 8.8%. 
